The mechanics and mechanisms of fatigue crack propagation in approximately 500 nm thick freestanding copper (Cu) films were evaluated at three stress ratios, R = 0.1, 0.5 and 0.8. The fatigue crack propagation rate (da/dN) versus the maximum stress intensity factor (K max ) exhibited coincident features in the high-K max region (K max ≥ 4.5 MPam 1/2 ) irrespective of stress ratio R, indicating that K max was the dominant factor in fatigue crack propagation. In this region, fatigue crack propagation was accompanied by necking deformation in the thickness direction, irrespective of R. In contrast, in the low-K max region (K max < 4.5 MPam 1/2 ), da/dN increased with decreasing R. In this region, the fracture mechanism depended on R. At the higher R value (R = 0.8), the fatigue crack propagated in the tensile fracture mode similar to that in the high-K max region. On the other hand, a characteristic mechanism was observed at the lower R values (R = 0.1 and 0.5). Thin strips projecting in the out-of-plane directions formed ahead of the fatigue crack along 3 twin boundaries, and the fatigue crack propagated preferentially through these thin strips. A cross-sectional observation of a thin strip forming in the vicinity of the fatigue crack tip revealed that intrusions and extrusions were apparent at the film surface, confirming that the fatigue crack propagation in the Cu films was induced by the intrusions/extrusions in the low-K max region. This mechanism is greatly different from that of bulk counterpart. Moreover, crack closure was observed by in situ FESEM observation of a fatigue crack in the low-K max or low-K region.
Introduction
Fatigue crack propagation in bulk metals is caused by cyclic plastic deformation at the crack tip. In the region II fatigue crack propagation, striations are formed by crack tip blunting and resharpening due to alternating shear at the crack tip (Pelloux, 1970) . However, submicron-or nano-scale metals exhibit higher resistance to plastic deformation than bulk metals due to size effects in plasticity (Espinosa et al., 2004, Greer and De Hosson, 2011) . Therefore, the mechanics and mechanisms of fatigue crack propagation may differ from those of bulk metals owing to the restriction of plastic deformation during cyclic loading at the crack tip.
The purpose of the present study is to clarify the mechanics and mechanisms of fatigue crack propagation in submicron-thick freestanding metallic films. The effects of stress ratio on fatigue crack propagation in approximately 500 nm thick freestanding copper (Cu) films were evaluated to identify the dominant mechanics. In addition, fatigue crack propagation experiments were performed by serial fatigue damage observations using a field emission scanning electron microscope (FESEM), associated with electron backscatter diffraction (EBSD) analysis, in order to clarify the mechanisms of fatigue crack propagation. The characteristic mechanism of fatigue crack propagation in submicron-thick films is discussed based on these results.
Experimental

Material and specimen
Tested materials were Cu films with a thickness of approximately 500 nm, deposited by electron beam evaporation. The purity of the Cu evaporant was 99.999%. An EBSD orientation color map of the film surface is shown in Fig. 1 , where the colors represent different crystal orientations normal to the film surface, corresponding to the standard stereo-triangle in the figure, and the black lines indicate grain boundaries. Most of the twin boundaries were 3 coherent. The average grain sizes, excluding and including twin boundaries, were 920 and 380 nm, respectively. The EBSD analysis was conducted for both the observed and reverse surfaces of the freestanding film, and the Cu films were confirmed to have a columnar structure.
Freestanding film specimens were fabricated by a sacrificial layer etching method (Hirakata et al., 2011) . The shape and dimensions of the specimen are presented in Fig. 2 . A single side edge notch was introduced as a crack initiator into the center of the parallel section of the freestanding specimen using a focused ion beam (FIB) system. The radius of the curvature of the notch root, as determined from the FESEM image in Fig. 2 , was less than 20 nm.
Fatigue crack propagation and serial FESEM observation experiments
An experimental setup for freestanding films (Kondo et al., 2012) was employed for fatigue crack propagation experiments. It consists of a piezoelectric actuator, a load cell (rated capacity: 500 mN) and a digital optical microscope. The crack length, a, was determined from the acquired optical images.
The fatigue crack propagation experiments were conducted at stress ratio R of 0.1, 0.5, and 0.8 and under conditions of both increasing and decreasing the stress intensity factor, K. In the K-increasing experiments, a tension-tension cyclic stress with a sinusoidal wave was applied at a frequency of f = 10 Hz under constant Unit: mm maximum stresses, max . In the K-decreasing experiments, a tension-tension cyclic stress with a sinusoidal wave was applied at f = 30 Hz, and the normalized K-gradient C = (1/K)(dK/da) was kept constant at −0.5 mm −1 . All experiments were conducted at room temperature (298 ± 5 K) in ambient air. Serial observations of the fatigue damage at R = 0.1 were carried out using FESEM in order to clarify the mechanisms of fatigue crack propagation. The crystal orientation ahead of the notch for each specimen was determined by using EBSD analysis before conducting the fatigue experiments. The fatigue crack propagation experiment was interrupted after several thousand cycles, and the specimen was removed from the machine. The fatigue damage around the crack was then observed by using FESEM. The specimen was then re-mounted on the machine, and the fatigue experiment was restarted. By repeating the procedure, serial fatigue damage accumulation data and the fatigue crack propagation behavior could be obtained. The experimental conditions were the same as Kincreasing experiments in the fatigue crack propagation experiments at R = 0.1. Figure 3 shows the relationship between the fatigue crack propagation rate, da/dN, and the stress intensity factor range, K, at three different stress ratios R = 0.1, 0.5, and 0.8. The da/dN versus K relationship was influenced by R in entire K region: da/dN increased with increasing R. Thus, it is deduced that K is not the parameter dominating the fatigue crack propagation in submicron-thick Cu films.
Results and discussions
Fatigue crack propagation properties
da/dN was re-plotted as a function of the maximum stress intensity factor, K max , as shown in Fig. 4 . In the region of K max ≥ 4.5 MPam
, the da/dN versus K max relationship was roughly within a narrow band, regardless of R, indicating that da/dN is governed by K max in this region. On the other hand, a dependence on R was observed for the da/dN versus K max relationship in the region of K max < 4.5 MPam 1/2 : da/dN increased and the threshold K max,th decreased as R decreased. On the basis of these results, the da/dN versus K max relationship was classified into two regions: a high-K max region (K max ≥ 4.5 MPam
) and a low-K max region (K max < 4.5 MPam 1/2 ). Figure 5 shows FESEM micrographs of the fatigue fracture surfaces at R = 0.1, 0.5, and 0.8. In the high-K max region (Figs. 5(a) -(c)), ductile fracture surfaces, accompanied by necking deformations in the thickness direction (chisel-point fracture) were observed irrespective of R. These results suggest that the dominant mechanism of fatigue crack propagation in the high-K max region is the tensile fracture mode, which is consistent with the fact that K max governs da/dN in the high-K max region as shown in Fig. 4 . In contrast, in the low-K max region, the fracture morphology depends on R. At higher R (R = 0.8 (Fig. 5(f) )), a chisel-point fracture was observed on most of the fracture surfaces, suggesting that the mechanism of fatigue crack propagation was similar to the tensile fracture mode or chisel-point fracture observed in the high-K max region. In contrast, at lower R (R = 0.1 (Fig. 5(d) ) and R = 0.5 (Fig. 5(e) )), the fracture surfaces were characterized by fine roughness, including deformation in the out-ofplane directions (indicated by arrows), whereas necking deformation or chisel-point fracture was hardly observed.
Fracture surface morphology
Serial observation in the low-K max region at the lower R
In order to clarify the fatigue crack propagation mechanism in the low-K max region at the lower R, fatigue damage around a crack were serially observed by FESEM in the low-K max region at R = 0.1, as shown in Fig. 6 . At N = 1.0 × 10 3 cycles (Fig. 6(a) ), fatigue damage was clearly observed ahead of the initial notch root. In particular, a thin strip (indicated by "A" in Fig. 6(a) ) projecting in an out-of-plane direction was formed approximately 4-5 m ahead of the notch root. The morphology of this fatigue damage is similar to the intrusions/extrusions observed in bulk metals. At N = 5.0 × 10 3 cycles (Fig. 6(b) ), the fatigue crack propagated from the notch root, and the strip "A" became larger. In addition, new thin strips "B"-"D" formed ahead of the fatigue crack. At N = 8.0 × 10 3 cycles (Fig. 6(c) ), the fatigue crack propagated via the thin strips "A" through "D", whereas new strips "E" and "F" were present along the crack path and a new strip "G" developed ahead of the crack tip. An EBSD orientation color map of the fatigue damage is shown in Fig. 6(c) . The black lines indicate the grain boundaries, and the white lines indicate prominent thin strips "A"-"G". The thin strips "A"-"G" were formed within individual single grains, and the strips formed along twin boundaries, with the exception of "E". Thus, the characteristic mechanism of fatigue crack propagation in the low-K max region at R = 0.1 was deduced as follows: thin strips projecting in out-of-plane directions formed ahead of the fatigue crack along twin boundaries within individual single grains, and the fatigue crack propagated preferentially through these thin strips.
The detailed morphology of the thin strips was evaluated by cross-sectional observation of a thin strip forming in the immediate vicinity of a fatigue crack tip, as shown in Fig. 7 . As shown in the EBSD orientation color map, the thin strip formed in a single grain along a 3 twin boundary. Cross-sectional observation of the thin strip was performed by cutting the specimen along a line A-A' using FIB. An extrusion projecting in the out-of-plane direction, inclined 60° from the cyclic loading axis (x 2 axis, shown in Fig. 7 ) in the surface view (x 1 -x 2 plane), and inclined 32 from the surface normal (x 3 axis) in the cross-sectional view (x 2 -x 3 plane) was observed. An intrusion and an extrusion corresponding to the extrusion and intrusion on the obverse surface were apparent on the reverse surface, indicating that these slip bands penetrated the film. A fatigue crack was clearly evident on the right side intrusion, confirming that the fatigue crack propagation in the freestanding Cu films was induced by the intrusions/extrusions ahead of the fatigue crack in the low-K max region. The tilt angle of the 3 boundary was estimated based on the Euler angles, and was equal to the tilt angle of the intrusion/extrusion, indicating that the intrusion/extrusion formed parallel to the 3 twin boundary. Most of the intrusions/extrusions observed in the experiments formed parallel to the 3 twin boundaries. These experimental results conclusively demonstrate the mechanism of fatigue crack propagation in the low-K max region at lower R as follows: the fatigue crack propagation was induced by the intrusions/extrusions ahead of the crack tip along the 3 twin boundaries within individual grains. In bulk metals, intrusions/extrusions do not affect the fatigue crack propagation because fatigue crack propagation is dominated by in-plane crack opening/closing behavior. However, intrusions/extrusions in submicronthick freestanding films have a significant effect on fatigue crack propagation because of their small sample dimension. Thus, the mechanism of fatigue crack propagation is characteristic in submicron-thick freestanding films.
Crack closure in the low-K max or low-K region
As shown in Fig. 3 and 4 , da/dN depends on R in the low-K max or low-K region, suggesting the presence of crack closure even in submicron-thick freestanding films. In order to clarify whether crack closure occurs or not, in situ FESEM observation of a fatigue crack was carried out by using an in situ tensile testing machine. Figure 8 shows FESEM snapshots of the fatigue crack at R = 0.1 at K max = 3.5 MPam 1/2 in a loading and unloading process. Magnesium oxide particles were sprayed on the film surface as gage markers for evaluating deformation around the fatigue crack. During the loading process, the fatigue crack remained closed from the minimum K = 0. 
Summary
The dominant mechanics and mechanism of fatigue crack propagation in submicron-thick metallic films were evaluated on approximately 500 nm thick freestanding Cu films at three different stress ratios (R = 0.1, 0.5, and 0.8).
In addition, serial fatigue damage observations by using FESEM and EBSD crystal orientation analysis were carried out. Moreover, crack closure behavior was investigated by in situ FESEM observation. The results are summarized as follows: 1. The relationship between da/dN and K was clearly dependent on R: da/dN increased with increasing R over the entire K region. 2. In the high-K max region (K max ≥ 4.5 MPam 1/2 ), plots of da/dN against K max coincided regardless of R, indicating that K max is the dominant factor in fatigue crack propagation. In contrast, da/dN increased with decreasing R in the low-K max region (K max < 4.5 MPam 1/2 ). 3. In the high-K max region, the fatigue crack propagation was accompanied by necking deformation in the thickness direction, resulting in chisel-point fracture, irrespective of R. 4. In the low-K max region, the fatigue mechanism was dependent on R. At the lower R (R = 0.1 and 0.5), distinct intrusions/extrusions formed ahead of the crack tip along the 3 twin boundaries within individual grains, and the fatigue crack propagated preferentially through the intrusions/extrusions. On the other hand, at higher R (R = 0.8), the fatigue crack propagated in the tensile fracture mode, similar to that in the high-K max region. 5. In the low-K max or low-K region, crack closure occurred at R = 0.1. ).
